Recent observations suggested that ionospheric anomalies appear immediately before large earthquakes with moment magnitudes (M w ) of 8.2 or more. Do similar phenomena precede smaller earthquakes? Here we answer this question by analyzing vertical total electron contents (VTEC) observed near the epicenters before and after 32 earthquakes with M w 7.0-8.0 using data from nearby Global Navigation Satellite Systems stations. To detect anomalies, we defined the reference curves to fit the observed VTEC and considered the departure from the curves as anomalies. In estimating the reference curves, we excluded time windows, prescribed for individual earthquakes considering M w , possibly affected by earthquakes. We validated the method using synthetic VTEC data assuming both preseismic, coseismic, and postseismic anomalies. Out of the 32 M w 7.0-8.0 earthquakes, eight earthquakes showed possible preseismic anomalies starting 10-20 min before earthquakes. For earthquakes of this M w range, we can observe preseismic ionospheric changes probably when the background VTEC is large, say 50 TECU (total electron content unit, 1 TECU = 10 16 el m À2 ) or more.
counted the occurrences of similar changes in VTEC caused by space weather during times of no earthquakes and demonstrated it statistically unrealistic to attribute all the observed VTEC enhancements before large earthquakes to space weather.
Recently, He and Heki [2016] analyzed the spatial distribution of preseismic ionospheric anomalies of three large earthquakes in Chile, i.e., the 2010 Maule (M w 8.8), the 2014 Iquique (M w 8.2), and the 2015 Illapel (M w 8.3) earthquakes. They found not only positive but also negative anomalies started simultaneously at altitudes of~200 km and~400 km, respectively. Kamogawa and Kakinami [2013] claim that postseismic electron "decrease" (hole formation) affected the definition of the reference curve and resulted in spurious preseismic "increases." Obviously, the postseismic hole cannot explain simultaneous starts of artificial preseismic anomalies of both polarities. He and Heki [2016] also pointed out that the three-dimensional structure of the positive and the negative anomalies along the geomagnetic field is consistent with the ionospheric response to positive electric charges on the ground .
M w dependence of the anomalies would provide another support for the reality of the anomalies as earthquake precursors. We have reported three kinds of such dependence so far. At first, Heki and Enomoto [2015] found that the amount of the preseismic VTEC rate changes depend on M w and background VTEC; i.e., larger precursors occur before larger earthquakes under similar background VTEC. Second, Heki and Enomoto [2015] found that earthquakes with larger M w tend to have longer precursor times (i.e., tend to start earlier). Third, He and Heki [2016] showed that the anomalies of larger earthquakes have larger spatial dimensions. Heki and Enomoto [2015] studied earthquakes with M w ≥ 8.0 (precursors emerged only before earthquakes with M w ≥ 8.2). Past studies all focused on the existence of preseismic anomalies for very large earthquakes and paid little attention to the "inexistence" of such anomalies for smaller earthquakes. The purpose of the present work is to clarify the lower limit of M w of earthquakes showing preseismic TEC anomalies. To achieve this goal, we investigate behaviors of VTEC immediately before and after 32 earthquakes worldwide with M w 7.0-8.0 in this century.
Data Processing

Extraction of VTEC From GNSS Data
In this paper, we use data from Global Positioning System (GPS) satellites. Each GNSS station receives two Lband microwave signals. Due to the dispersive nature of the ionosphere, delays occur between the two carrier waves, and we can convert such delays to numbers of electrons along the line of sight (LOS), often called as slant TEC (STEC). We use the unit TECU (TEC unit), equivalent to 10 16 el/m 2 . We derived and removed interfrequency biases of satellites and stations following He and Heki [2016] .
Although TEC is an integrated value, we often assume a thin layer at a certain height and calculate the position of the intersection of LOS with this layer, called ionospheric piercing point (IPP). We plot TEC values onto maps using its surface projection, called subionospheric point (SIP). In this paper, we take the height of the layer at the maximum ionization height (~300 km) when we convert STEC to VTEC by multiplying with the cosine of the incident angle of LOS with this thin layer. However, we assume the height at 200 km to draw SIP tracks on the map considering the approximate heights of positive anomalies inferred by He and Heki [2016] . We estimate the accuracy of VTEC derived in the present study as~0.02 TECU [Coster et al., 2013] .
Detection of Anomalies
For large earthquake with M w 8.2 or more, Heki and Enomoto [2015] showed that detection of positive breaks (sudden increases in rate) using AIC is useful. There we set up a moving time window, spanning 20-40 min, and compare AIC between the two cases: (1) fit one line to the whole portion within the window and (2) split the window into two, and fit two lines with a break at the center. If AIC in (2) is smaller, we consider that there was a significant trend change at the center of the window. problem; i.e., we need a larger moving time window for a robust detection of small trend changes, [see Heki and Enomoto, 2015, Figure 3 ]. This becomes difficult for earthquakes with short precursor times.
On the other hand, M w ≤ 8.0 earthquakes have a certain benefit that makes it easier to define the reference curves. Their short precursor times and small dimensions of the anomalies make it easier to connect the VTEC curves smoothly before and after the series of preseismic, coseismic (acoustic disturbance), and postseismic (electron depletion) ionospheric disturbances ( Figure 1 ). Here we model the temporal variations of the VTEC over 2-3 h periods using polynomials of time (we discuss the selection of the optimum degree in section 6). We then estimate the reference curves using the VTEC data in this period excluding a certain time window (excluding window), possibly influenced by earthquakes. We then define departures of the observations from the reference curves during the excluding window as the VTEC anomalies.
Excluding Windows
This "reference curve method" is employed in Heki [2011] , which has been criticized repeatedly by opponents [e.g., Kamogawa and Kakinami, 2013] . However, here we adopt two new approaches. At first, we convert STEC to VTEC beforehand to remove U-shaped apparent changes due to the satellite elevation changes. This makes it easier to see the net increase and decrease intuitively. Second, we set up a priori excluding windows for individual earthquakes. A shorter excluding window would stabilize the estimation of the reference curve. At the same time, the window needs to be long enough to cover the whole sequence of ionospheric disturbances of the studied earthquake.
We set up the start of the excluding window at a certain time between À20 min (M w 8.0) and À10 min (M w 7.0) relative to earthquakes. Heki and Enomoto [2015] showed that onset of the preseismic VTEC anomalies is Figure 1 . (a-c) Conceptual sketch of preseismic, coseismic, and postseismic ionospheric anomalies and how they emerge in GNSS-TEC records as the satellite moves from P1 to P4. Ionospheric anomalies that may appear immediately before (Figure 1a -2) and after (Figures 1b-1 and 1b-2) after large earthquakes. We assume that preseismic anomalies appear as a pair of compact positive (red) and diverse negative (blue) anomalies, at lower and higher parts of the ionosphere, respectively, along the geomagnetic field B. Here we assume that they start at 15 min before an earthquake (t = À15), grow until the earthquake occurs, and decay in 15 min after the earthquake (Figures 1a-1 and 1a-2). For a GNSS satellite moving in the sky from P2 to P3 and passing the zenith at the time of earthquake, such anomalies would make VTEC signatures as shown in Figure 1a -3. Eight minutes after the earthquake, the acoustic disturbance arrives at the F region of the ionosphere (Figure 1b -1) and makes a long-lasting hole (Figure 1b -2). This series of mechanical disturbances, which we call as coseismic and postseismic anomalies, respectively, will make signatures in VTEC like in Figure 1b -3. The earthquake occurrence time is the intersection of x axis (t) and y axis (VTEC) in Figure 1a -3 and Figure 1b-3. We further assume that the dimension of the postseismic negative anomaly (blue in Figure 1b -2) is similar to the fault size, say <100 km for M w < 8 earthquakes. In Figure 1c , we show time-distance diagram of IPP at the F region for a GNSS satellite passing the zenith at t = 0. It takes 10-20 min for LOS to go from the center to the limb of the hole.
Journal of Geophysical Research: Space Physics 10.1002/2017JA024012 ~40 min before M w 9 class interplate earthquakes and~20 min before M w 8 class interplate earthquakes. Here we assume that they start~10 min before M w 7 earthquakes. Then we interpolated for the start of the excluding window for earthquakes with M w between 7.0 and 8.0 (Table S1 in the supporting information). Figure 1 shows a conceptual model of typical preseismic, coseismic, and postseismic ionospheric anomalies for an earthquake of this M w range. In Figure 1a , we assume that the preseismic positive anomaly, possibly of electromagnetic origin, starts at t = À15 (15 min before earthquake). We further assumed that it linearly increases and reaches the maximum at t = 0, and decays linearly to zero at t = 15.
The end of the excluding window was also set up considering the M w of the earthquakes. We gave the ending time from +30 min (M w 8.0) to +16 min (M w 7.0) relative to the earthquake occurrence times. In Figure 1b , acoustic origin coseismic ionospheric disturbances occur at t = 8 (8 min after earthquakes), as a short positive pulse lasting for 2 min, and a postseismic long-duration negative anomaly (hole formation) starts at t = 10. Actually, the postseismic ionospheric holes may last for hours for M w 9 earthquakes [Shinagawa et al., 2013] . However, its areal extent would follow the fault size and would not largely exceed 100/30 km (typical fault sizes of M w 8/7 earthquakes) for M w 8/7 earthquakes. Then, its signature would decay within 20/6 min in the observed TEC. This is because LOS takes less than 20/6 min to move from the center to the limb of the hole of~100/30 km diameter made by M w 8/7 earthquakes.
As shown in Figure 1c , the time required for LOS to move out of the hole decreases as the satellite goes farther from the zenith. After all, 30/16 min after earthquakes would be late enough to end the excluding window for M w 8/7 earthquakes (Table S1 ). In the next section, we do simple numerical experiments to confirm the validity of the reference curve method to identify preseismic VTEC anomalies for M w 7-8 earthquakes.
Numerical Test Using Synthetic VTEC Data
Acoustic waves from epicenters arrive at the F region of the ionosphere in 8-10 min and make coseismic ionospheric disturbances characterized by N-waves. Long-lasting postseismic ionospheric holes often follow these coseismic disturbances [Kakinami et al., 2012; Shinagawa et al., 2013] . Such a postseismic TEC drop could influence the process to derive the reference curve and may give rise to spurious preseismic positive TEC anomalies. To test if this really occurs, we use synthetic VTEC data with and without positive anomalies and fit reference curves to them.
In this study, we define reference curves derived by polynomial fitting to VTEC excluding the prescribed time window, e.g., from 20 min before earthquake (t = À20) to 30 min after earthquake (t = +30) for M w 8.0 earthquakes. Then we define VTEC anomalies as the departures from the reference curves. In order to perform a realistic test, we use the actual VTEC data obtained by observing GPS Satellite 8 at the International GNSS Service (IGS) station AIRA in Kyushu, Japan, 0-2 UT on 15 August 2016, as the platform on which we add artificial anomalies. We utilize a sum of functions representing the preseismic, coseismic, and postseismic ionospheric anomalies as illustrated in Figure 1 .
We synthesize the observation data for the following two cases: (Case 1) only coseismic and postseismic acoustic perturbations occur and (Case 2) preseismic TEC anomalies in addition to the coseismic and postseismic perturbations. In the synthetic data, we assume that the earthquake occurred at 01:00 UT and that the coseismic positive pulse starts 8 min after the earthquake and last for 2 min. Then the postseismic depletion (hole) appears, and LOS goes out of the hole in 20 min (the hole itself remains). We fit the data with the polynomial with degree 3, excluding the time window from À20 min to +30 min as shown by the gray bar above the time series. Figure 2a demonstrates that Case 1 does not give rise to spurious preseismic anomalies; i.e., the reference curve overlaps with the data during the preseismic 20 min (although we excluded this portion in estimating the reference curve). Figure 2b shows the Case 2, where we assumed all the preseismic, coseismic, and postseismic anomalies. By fitting a reference curve, both positive preseismic and negative postseismic anomalies emerged as departures from the curve. In both cases, we only see anomalies that we assumed; i.e., no artificial anomalies emerge.
Then, in what situation does the spurious preseismic positive anomaly emerge? Figure 2c shows an unrealistic case (Case 3) in which the postseismic hole is so large that the LOS cannot escape from the Journal of Geophysical Research: Space Physics 10.1002/2017JA024012 hole until the end of the time series. This situation makes the VTEC drop continue beyond t = +30 and results in an artificial preseismic enhancement. However, this never really happens for M w 8.0 earthquakes because GPS satellites apparently move in the sky and the horizontal extents of the holes would not largely exceed the size of the ruptured faults, i.e.,~100 km.
Earthquakes
Here we explore preseismic VTEC changes for earthquakes with M w 7.0-8.0. For this purpose, we examine VTEC time series observed at GNSS stations near epicenters immediately before and after earthquakes. Considering the availability of GNSS stations close to epicenters (within~300 km), we selected 32 M w 7.0-8.0 earthquakes worldwide with focal depths less than 60 km. Figure 3 illustrates locations of these earthquakes, and the inset shows the distribution of their focal depths. Table 1 summarizes detailed information on these earthquakes, where M w , occurrence time (in both UT and LT), location (geographic longitude and latitude), and depth are taken from the United States Geological Survey catalog. We derived the background VTEC values from the nearby GPS station-satellite pairs shown in the round brackets in italics. We also used those pairs to infer the optimum degrees of polynomials with the L-curve method ( Figure S3 in the supporting information). We identified possible preseismic ionospheric anomalies in eight events, marked with circles in the rightmost column of Table 1 , out of the 32 earthquakes. In the next chapter, we show the 24 cases without anomalies. After that, we show the eight cases with possible preseismic anomalies. He and Heki [2016] showed that the positive electron density anomalies occur around the height of~200 km at the horizontal location shifted from epicenters toward the equator (those of the 2014 Iquique earthquake, close to the magnetic equator, emerged just above the epicenter). They also showed that the horizontal dimension of the positive anomalies for M w 8.2-8.3 earthquakes does not exceed 500 km. Hence, those for Figure 2 . Numerical tests of reference curve fitting for the synthetic VTEC data. The green and blue curves indicate the original VTEC changes and those with additional anomalies related to an earthquake at UT 1:00. For additional anomalies, we consider three cases, (a) Case 1: only coseismic (acoustic pulse) and postseismic (hole) anomalies, (b) Case 2: preseismic increase in addition to coseismic and postseismic anomalies, and (c) Case 3: same as Figure 2a but the postseismic hole is large enough to confine LOS within the hole for 1 h. The red curves in Figures 2a-2, 2b-2, and 2c-2 show the reference curves estimated to fit the VTEC using cubic polynomials of time for the part outside the excluding window shown as gray bars (from À20 min to +30 min).
Earthquakes Without Preseismic Ionospheric VTEC Anomalies
Journal of Geophysical Research: Space Physics 10.1002/2017JA024012 M w 7-8 earthquakes would be smaller. We focus on the identification of the positive anomalies in this study in the expected region using available GNSS data, considering that the negative anomalies are more diverse and lie at higher altitudes [He and Heki, 2016] .
First, we show VTEC data for the 24 earthquakes marked with symbol "x" in Table 1 . For these earthquakes, we did not find significant preseismic ionospheric VTEC changes within expected regions. In Figures 4 (12 earthquakes with larger M w ) and S1 (12 earthquakes with smaller M w ), we present VTEC time series observations near the epicenters of individual earthquakes. The corresponding SIP trajectories (we assumed the thin layer at the height of 200 km) are presented in Figures 5 and S2, respectively.
Figures 4 and S1 show that the reference curves mostly overlap with the observed VTEC curves over the whole studied periods although we excluded the time windows, e.g., from À20 min to +30 min relative to the earthquakes for M w 8.0 earthquakes, to derive the reference curves. In this study, we search for the preseismic anomaly as the continuous positive departure of the VTEC from the reference curve, exceeding 0.2 TECU, starting 10-20 min before the earthquake, and lasting at least until the earthquake occurred. Hence, we consider that there were no significant preseismic TEC anomalies for these 24 earthquakes. This also suggests that we could connect the naturally varying VTEC smoothly with a single polynomial across the time gap of up to 50 min. For many of the 24 earthquakes without preseismic anomalies, we detected coseismic ionospheric disturbances, e.g., the 2003 Tokachi-oki, the 2007 Bengkulu aftershock, and the 2004 Kii Peninsula (both main shock and foreshock) earthquakes, and they are studied in Cahyadi and Heki [2015] . However, we did not find any examples where only postseismic TEC drops are evident. This suggests that the postseismic ionospheric hole has a similar lower limit of M w and background VTEC to the preseismic anomalies.
In the 24 examples shown in Figures 4 and 5 and S1 and S2, insufficient number of GNSS stations may let us fail to capture precursory TEC changes that occurred in regions smaller than expected. Here we highlight the case of the largest earthquake without precursors studied here, i.e., the 25 September 2003 Tokachi-oki earthquake (M w 8.0), Japan, using the data from a dense GNSS array GEONET (GNSS Earth Observation Network). For this earthquake, Heki and Ping [2005] and Rolland et al. [2011] reported the propagation of coseismic ionospheric disturbances. We selected data with two GPS satellites closest to the local zenith of the studied region. We show the VTEC anomalies at three epochs, 20 min, 10 min, and immediately before earthquakes in Figure 6 . We expect that precursory TEC increases may appear to the south of the epicenter. However, we do not recognize significant anomalies there. 
Earthquakes With Preseismic Ionospheric VTEC Anomalies
Second, we show VTEC data for the eight earthquakes marked with "O" in Table 1 . For these earthquakes, we found possible preseismic ionospheric VTEC enhancement (and decrease for one earthquake) in the VTEC observed at nearby GNSS stations. In the following sections, we present VTEC time series for individual earthquakes in a decreasing order of M w , and the corresponding SIP trajectories drawn assuming the thin layer at the height of 200 km.
In deriving the reference curves, we assume the exclusion windows in the same way as cases without preseismic anomalies. We recognize that there is an arbitrariness in the selection of polynomial degree of the reference curves. In fact, behaviors of the residual within the excluding windows depend on the polynomial degrees. We show two cases in Figure 7 , the 2009 New Zealand earthquake (M w 7.8) and the 2015 March Papua New Guinea earthquake (M w 7.5). In the former case, the postfit residuals show a sudden decrease for degree 4 (Figure 7a inset), and we considered 4 as the appropriate degree (in Figure S3 , we show the root-mean-squares of the postfit residuals for all the 32 earthquakes). The background VTEC shows a simple increase (Figure 7a ), and the residuals remain consistent for most of the degrees (Figure 7b ). The residuals keep positive during the 12 min period before the earthquake, and we consider that a VTEC anomaly preceded this earthquake. Journal of Geophysical Research: Space Physics
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The VTEC in the latter case, however, shows a strong curvature reflecting the passage of the LOS through the equatorial ionization anomaly (Figure 7c ). The shape of the residual during the excluding window depends largely on the polynomial degree (Figure 7d ). From the behavior of the residual, we considered 7 as the appropriate degree (Figure 7c inset). There the residual during the excluding window exhibits persistent positive values, and we consider that a preseismic VTEC anomaly occurred.
Another arbitrariness may arise from the selection of the total time span (2-3 h). We find this correlates with the optimal polynomial degree, i.e., a slightly longer window results in a slightly larger polynomial degree. However, the shape of the residual during the excluding window does not depend largely on the total time span.
6.1. The 16 April 2016, Ecuador Earthquake (M w 7.8)
The most recent earthquake studied here is the M w 7.8 Pedernales, Ecuador, earthquake, South America, which occurred on 16 April 2016 [Ye et al., 2016] . It ruptured the plate interface where the Nazca Plate subducts beneath the South American Plate. The epicenter is located in northwest Ecuador, at a depth of 21 km. Three IGS GNSS stations were available in Quito (qui3 and qui4) and Riobamba (riop) of Ecuador (Figure 8b ). As seen in Figure 8a , four station-satellite pairs show possible ionospheric VTEC enhancements. The onset time was~17 min before the earthquake. We inferred the VTEC rate change as 1.75 TECU/h by comparing rates during the 10 min intervals before and after the break using data from the pair of RIOP and GPS satellite 30. There are postseismic drop (ionospheric hole formation) signatures for all the VTEC curves. However, the LOS would have gone out of the hole before the end of the excluding window (26 min after earthquake in this case), and we consider the detected increase real (Case 2 in Figure 2 ). Table 1 ). We show the rest of the earthquakes in Figure S1 . The gray horizontal bars represent the excluded time period in defining the reference curves. The gray vertical lines represent the earthquake times. The vertical arrows represent 10 TECU. We list the degree of polynomials used for the reference curves in Table 1 . The M w 7.8 Gorkha earthquake occurred on 25 April 2015 in central Nepal, at a depth < 15 km, bringing thousands of casualties in Nepal, India, China, and Bangladesh. This was an interplate earthquake at the diffuse collisional boundary between the Indian and the Eurasian Plates [e.g., Kobayashi et al., 2016] . We downloaded data from 25 GNSS stations near the epicenter from the University NAVSTAR Consortium (UNAVCO) data center. Figure 9a shows the VTEC curves before and after the earthquake, and those observed at stations in Nepal and northern India using GPS satellites 16 and 26 show clear preseismic enhancements. The focal region is located just beneath the equatorial ionization anomaly (EIA) of the ionosphere, and the earthquake occurred around the local noon. Accordingly, the absolute VTEC was very large and spatially variable in north-south (50-80 TECU). We estimated the VTEC rate change, at~21 min before earthquake, as~3.1 TECU/h by comparing the rates during the 15 min intervals before and after the break using data from the pair of lck4 and GPS satellite 26.
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Because the number and distribution of GNSS stations are relatively good for this earthquake, in Figure 9b , we show additional stations farther away from the epicenter which do not show any precursory signals, Figure 4 ) calculated assuming the ionospheric height of 200 km for 12 of the 24 earthquakes without precursory TEC changes (marked with cross symbol in Table 1 ). We give similar figures for the rest of the earthquakes in Figure S2 Tokachi-oki earthquake drawn using GPS Satellites 4 (triangle) and 24 (circle). We calculated the SIP positions assuming 200 km as the ionospheric height. The yellow star represents the epicenter. We do not see significant anomalies at any epochs. Figures 7b and 7d , we fit the VTEC outside these windows using the polynomials with degrees 2 to 9. The residuals within the window are stable in the New Zealand case (Figure 7b ) but depend on the polynomial degree in the Papua New Guinea case (Figure 7d ). Small insets in Figures 7a and 7c compare the root-mean-squares (RMS) for these polynomials. We considered the degree when RMS showed large drops the most appropriate one, as shown with black dots in the insets and with thicker curves in Figures 7b and 7d . [Beavan et al., 2010] . It ruptured a transition region from oblique subduction of the Australian Plate beneath the Pacific Plate in the south (the Puysegur Trench) to strike-slip motion further north within the South Island (the Alpine Fault). We used the New Zealand continuous GNSS network, GeoNet, to analyze the VTEC before and after the earthquake.
The background VTEC at the time of the earthquake was only~10 TECU (Table 1) due to the relatively high magnetic latitude (~50°S) and nighttime occurrence of the earthquake (21:22 LT). Although Heki and Enomoto [2015] suggested it difficult to detect preseismic ionospheric anomalies for a M w 7.8 event under moderate background VTEC, we recognize possible preseismic VTEC enhancements starting~12 min before earthquake with two GPS Satellites 11 and 20 ( Figure 10) . On 1 April 2014, the Iquique earthquake (M w 8.2) ruptured the boundary between the Nazca and the South American Plates around the Peru-Chile border. He and Heki [2016] observed significant preseismic ionospheric increases and decreases~25 min before the main shock. About 27 h later, the largest aftershock (M w 7.7) occurred~50 km to the southwest of the main shock. Here we analyze the VTEC changes before this aftershock using 35 GNSS stations.
We found both preseismic VTEC increase and decrease using GPS Satellites 07, 13, and 23 ( Figure 11a ), and Satellites 07 and 10 (Figure 11b ), respectively, starting at~14 min before earthquake (Figure 11) . The spatial distribution of the positive and negative anomalies was similar to the main shock; i.e., the positive anomaly appeared just above the epicenter, and the negative anomalies emerged on both its north and south sides.
Two M w 7.5 Earthquakes in Papua New Guinea
A pair of M w 7.5 earthquakes occurred beneath the eastern New Britain Island, Papua New Guinea, on 29 March and 5 May 2015 [Heidarzadeh et al., 2015] . This region has a complicated plate tectonic setting, and Although only limited number of GNSS stations were available there, we detected possible preseismic ionospheric enhancements before the first earthquake using GPS Satellite 10 at an IGS site (pngm) in the Manus Island, Papua New Guinea (Figure 12a, also Figure 7b ). Similar preseismic ionospheric enhancements occurred before the second earthquake and were observed using GPS Satellite 15 at the same station (Figure 12b ). The onset times for the March and May earthquakes were~12 min and~14 min before earthquakes, respectively.
6.6. The 20 March 2012, Oaxaca Earthquake (M w 7.4)
The Oaxaca earthquake of M w 7.4 struck southern Mexico on 20 March 2012 [e.g., Graham et al., 2014] . It was an interplate thrust event at the convergent boundary of the Cocos and the North American Plates. The epicenter is located beneath the state border between Guerrero and Oaxaca at a depth of 20 km. We downloaded data of 18 continuous GNSS stations in Mexico from the UNAVCO data archive to analyze the ionospheric changes before and after this earthquake. Using the data from GPS satellite 21, we observed weak preseismic VTEC enhancements near the epicenter (Figure 13a ). VTEC shows rapid increase during the observation period because the LOS was just entering the EIA. However, the increase is monotonous and was relatively easy to model. The VTEC residuals show positive anomaly signatures similar to other cases (Figure 13b ). The ionospheric VTEC started to increase~18 min before the earthquake. After the M w 7.8 Gorkha, Nepal, earthquake on 25 April 2015, the largest aftershock (M w 7.3) occurred on 12 May 2015. The epicenter of this aftershock, with a depth of~15 km, was~140 km away from the main shock. The background VTEC was very high (~80 TECU). We analyzed the VTEC changes using the GNSS network in Nepal (data available from UNAVCO) and three nearby IGS stations. Possible preseismic VTEC enhancements were observed using two GPS satellites, 19 and 27 ( Figure 14 ). Up to now, this is the earthquake of the smallest M w with detectable preseismic VTEC anomalies. The onset time was~14 min before earthquake.
Discussion
Geomagnetic Activities at the Times of Earthquake Occurrences
Heki and Enomoto [2013] showed that the large-scale traveling ionospheric disturbance propagating from auroral ovals often make changes in TEC with similar appearance to preseismic anomalies. Such disturbances occur frequently when geomagnetic activities are high, although Heki and Enomoto [2015] demonstrated that they are not frequent enough to account for preseismic TEC enhancements for the earthquakes studied there. Figure S4 shows the changes of Dst index before and after the earthquake times for the eight earthquakes with possible preseismic VTEC anomalies. Geomagnetic conditions were quiet for the 2009 New Zealand earthquake (M w 7.8) ( Figure S4a ), the 2012 Oaxaca earthquake (M w 7.4) ( Figure S4b ), the 2014 Iquique aftershock (M w 7.7) ( Figure S4c ), the first 2015 Papua New Guinea earthquake (M w 7.5) ( Figure S4d) , the 2015 Nepal Gorkha main shock (M w 7.8), and the second 2015 Papua New Guinea earthquake (M w 7.5) ( Figure S4e ). On the other hand, when the 2015 Nepal aftershock (M w 7.3) and the 2016 Ecuador earthquake (M w 7.8) occurred, geomagnetic activity was moderately high (Dst drops were~29 nT and~37 nT, respectively) ( Figures S4e and S4f) . This activity might be responsible for small-scale undulations in the VTEC time series, but the observations did not deviate seriously from the reference curves within the studied time windows. In Figure 15 , we compare histograms of the Dst index for all the 32 earthquakes studied here and for the eight earthquakes with possible preseismic TEC changes. As a whole, we do not see a significant difference between their distributions, suggesting that there is little correlation between the observed preseismic VTEC anomalies and space weather.
M w Dependence of Preseismic VTEC Changes
According to Heki and Enomoto [2015] , the VTEC rate changes at the onset of the positive preseismic anomalies correlate with two quantities, i.e., earthquake M w and background VTEC. They proposed an empirical equation based on the data from eight earthquakes with M w of 8.2 or more. Figure 16 is the leftward extended version of Figure 4a in Heki and Enomoto [2015] . We add the 32 events (8 with precursors and 24 without precursors) studied here. We also add two larger earthquakes, the 2001 June Peru earthquake M w 8.2 (areq and GPS Satellite 30; VTEC rate change is 4.3 TECU/h) and the 2015 September Illapel earthquake M w 8.3 (crzl and GPS Satellite 24; VTEC rate change is 4.0 TECU/h), not included in Heki and Enomoto [2015] .
We could directly obtain the rate change of VTEC by fitting lines to portions before and after the start of the preseismic increases for the two M w 7.8 earthquakes, i.e., the 2015 Nepal and 2016 Ecuador earthquakes. For the other six events with weaker preseismic signals, we did not calculate the rate changes in this way. So we show them using triangles with a uniform size in Figure 16a and do not include them in Figures 16b and 16c . It seems that even for the earthquakes with M w 7.0-8.0, preseismic TEC anomalies may become large enough to be detected if the background VTEC is sufficiently high, say >50 TECU. One may suspect that this simply reflects larger random fluctuations during periods of high background VTEC. In Figure S5 , we show that this is not the case by comparing VTEC time series over seven consecutive days including the 2015 Gorkha, Nepal, earthquakes (main shock in April and the largest aftershock in May). Background VTEC shows persistently large values for all these days (~60 TECU for the main shock and~80 TECU for the largest aftershock). Nevertheless, preseismic anomalies, here defined as persistent departure from the reference curve starting 10-20 min before earthquakes, only occur on earthquake days.
The two earthquakes, i.e., the 2001 El Salvador earthquake (M w 7.7) and the 2012 Costa Rica earthquake (M w 7.6), showed no significant preseismic ionospheric anomalies although the background VTECs were relatively large (53 and 38 TECU, respectively). For the 2001 earthquake, small numbers of nearby GNSS stations might have simply failed to capture preseismic signals (i.e., no LOS passed through the anomaly). For the 2012 Costa Rica earthquake, VTEC curves seem to show small positive deviations, slightly less than 1 TECU, from À15 to +15 min relative to the earthquake (Figure 4, sixth panel) . They are, however, not so clear as the eight earthquakes marked with "O" in Table 1. On the other hand, the 2009 New Zealand earthquake (M w 7.8) showed preseismic VTEC increases although the background VTEC is only~10 TECU. There may be unknown factors, in addition to M w and background VTEC, governing the emergence of precursors, e.g., geomagnetic inclinations and land/sea distributions above the focal regions. Our study confirmed that the large background VTEC plays the key role to make ionospheric anomalies immediately before M w ≤ 8 earthquakes detectable. After all, the ratio of the occurrence of preseismic TEC anomalies show monotonous decrease for smaller earthquakes (Figure 16a) ; i.e., the ratio is 100% for earthquakes with M w ≥ 8.5,~70% for those with 8.0 ≤ M w < 8.5,~40% for those with 7.5 ≤ M w < 8.0, and 10% for 7.0 ≤ M w < 7.5.
In Figure 17 , we compare signatures of preseismic positive VTEC anomalies detected for eight earthquakes with M w 7.3-7.8 here. They have common features that the anomaly starts 10-20 min before earthquakes and terminates by 20-30 min after earthquakes. Subtle differences of the signatures come from several Journal of Geophysical Research: Space Physics
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Because of the smaller dimensions of preseismic anomalies, the starts of the positive anomalies for M w 7-8 earthquakes may not represent the onsets of preseismic ionospheric changes (i.e., they may rather indicate the entry of LOS into the region of positive anomaly). Nevertheless, we could see that they start between À20 min and À10 min relative to the earthquakes, and such start times are mostly consistent with the prescribed starts of the exclusion windows (red lines in Figure 17 ). Figure 17 also suggests a weak correlation between the precursor times and M w ; i.e., the anomalies start earlier for larger earthquakes.
Physical Mechanism of Preseismic TEC Anomalies
Although we have clear physical interpretations for the coseismic and postseismic ionospheric disturbances [e.g., Rolland et al., 2013; Shinagawa et al., 2013] , those for ionospheric anomalies immediately before large earthquakes have not been established. The focus of the present study is the investigation of preseismic TEC anomalies before earthquakes with smaller M w (7.0-8.0). Nevertheless, it would be meaningful to briefly review recent studies on physical processes responsible for TEC changes immediately before large earthquakes. We consider the anomalies to originate possibly from positive electric charges from stressed rocks, as demonstrated by laboratory experiments [e.g., Freund, 2013] , and subsequent redistribution of ionospheric electrons Kelley et al., 2017] . Kuo et al. [2014] conducted numerical simulations and demonstrated that the upward electric current into ionosphere could make westward electric field within ionosphere. This causes downward E x B drift of ionospheric electrons and redistribution of ionospheric electrons. He and Heki [2016] reported that the three-dimensional structure of positive and negative electron density anomalies before the 2015 Illapel earthquake is consistent with Kuo et al. [2014] . Recently, Prokhorov and Zolotov [2017] pointed out a problem in their numerical treatments of the atmospheric electric currents, and Kuo and Lee [2017] , in their reply, showed that the problem does not emerge. In a recent paper, Kelley et al. [2017] also hypothesized that electric fields within ionosphere have redistributed electrons by the E x B drift. They suggested that surface positive charges directly caused electric fields within ionosphere while Kuo et al. [2014] considered that upward electric currents need to flow in the atmosphere to make such electric fields. Considering that the ionospheric electric fields need to be~1 mV/m to explain the observed TEC anomalies, they inferred the electric fields near/on the ground to be~200 mV/ m. This is only~1/500 of the fair weather electric field.
In either Kuo et al. [2014] or Kelley et al. [2017] , the ionospheric anomalies are driven by positive electric charges from stressed rocks. Hence, the M w dependence of preseismic TEC anomalies would reflect the M w dependence (fault size dependence) of the amount and spatial extent of such electric charges, and the occurrence of VTEC rate change would correspond to the onset of the E x B drift of the electrons. There are certain deviations between real M w and those calculated from the observed TEC changes and absolute VTEC. For example, the precursor of the 2011 Tohoku-oki earthquake corresponded to M w 8.5 but the real M w was 9.0. Nevertheless, our studies suggest that final earthquake sizes are, to a large extent, determined before the fast fault ruptures of the main shocks initiate, in opposition to the concept widely accepted by seismologists that earthquakes do not know their final sizes at their starts [e.g., Ide and Aochi, 2005] .
Concluding Remarks
In this paper, we answered a question if smaller (M w 7.0-8.0) earthquakes also show preseismic changes in ionospheric TEC. We sought the signals in TEC time series before and after 32 recent earthquakes for which nearby GNSS stations recorded TEC in the expected regions for such anomalies (i.e., south/north of the epicenter for northern/southern hemisphere and just above them for earthquakes close to the magnetic equator).
We find the reference curve method useful for such earthquakes because their precursor times are relatively short (<20 min) and the LOS soon go out of the postseismic ionospheric holes. For 24 earthquakes, preseismic VTEC time series smoothly connected to those after earthquakes without significant departures before and after earthquakes although we excluded intervals of prescribed lengths (e.g., from 20 min before earthquakes to 30 min after earthquakes for M w 8.0 earthquakes) in estimating the reference curves. However, eight earthquakes showed possible preseismic changes starting 20-10 min before earthquakes.
The results suggest that the answer is positive; i.e., we can observe them before M w 7.0-8.0 earthquakes. At the same time, we found that they emerge probably when background VTEC are large, say over 50 TECU. Precursor times for these eight earthquakes are all shorter than 20 min. Because these preseismic signals are faint, we would not notice them before earthquakes. Therefore, we do not think this phenomenon useful for practical short-term predictions of M w 7.0-8.0 earthquakes. Nevertheless, this study would provide meaningful information to clarify physical mechanisms underlying electromagnetic phenomena preceding large earthquakes and to pave the way for future short-term prediction of M w > 8.5 earthquakes.
